Abstract -The general properties required for a transticn metal compound to react with carbon-hydrogen bonds, and especially those of alkanes, are discussed in the light of current examples.
GENERAL CONSIDERATIONS OF MECHANISM
For a normal non-radical pathway, there appear to be certain minimal requirements for a transition metal centre which will undergo an oxidative-additiai reaction with a C-H bond to form a product intermediate containing two new bonds, i.e. a H-M-C moiety. These requirements are:
The presence on the metal of two or more valency d-electrons, i.e. for d'1 n must be 2 or greater, and also there must be two available metal orbitals, of essentially d-character.
These requirements are illustrated in fig. 2 .
If the H-M-C intermediate is an 18-electron system, as will often be the case, then subsequent fun ctionalisation reaction will normally require formation of a 1 6-electron intermediate in which the H-C-H system is maintained. This intermediate will then be available for subsequent addition reactions with substrate leading to product formation. A schematic reaction sequence is shown in fig. 3 (ii) X-Y has many possibilities, for example R-H of an alkane giving R-C, a higher alkane. Such a reaction would be favourable if the resulting dihydrogen intermediate reacted with added olefin forming another alkane.
THERMODYNAMIC CONSIDERATIONS
We first consider
Step A ( fig. 1 ), the formation of the H-H-C intermediate. Typically, the carbon-hydrogen bond strengths of simple hydrocarbons decrease in the order aromatic (ca. 110 kcal/mol > primary (CH3C) (ca. 98 kcal/mol) > secondary (C-CH2-C) (ca. 95 kcal/mol) > tertiary (C-CHR2) ca. 92 kcal/mol. These substantial C-H bonds strengths require strong M-H and M-C bonds if the intermediate H-H-C product is to be stable with respect to the reactants. In other words, the 16-electron metal centre must be highly reducing so that the oxidative-addition of the C-H bond is thermodynamically favourable. Metal centres which are highly reducing are often referred to as electron rich (high-energy centres).
For a catalytic reaction, it is not necessary for Step A to have a -AG, but of courseG must be negative for the overall reaction. There are many possible favourable reactions of C-H bonds which give C-X derivatives. However, the difficulty of achieving specific catalytic C-H fun ctionalisaticn lies in the choice of substrates and products which will not themselves preferentially react with the metal centre in undesirable ways as discussed below. (1) 11 at high energy reacts with K-H.
(ii) G for R alkyl is reater than for R = aryl so arene rapidly adds giving the (MIarene intermediate.
(iii) Although they have not yet been detected it seems likely that alkane addition proceeds via prior formationóf an agostic intermediate.
(iv) Rather than a wholly intermolecular pathway.
All values are for gas phase reactions at 298K and n.t.p.
.
-aryl
The precoordination of alkanes is restricted to formation of an agostic MFF-C bond. These are now well established in intramolecular systems, e.g. the titanium-ethyl compound in fig. 5 The formation of these agostic bonds requires the presence of a suitably disposed, empty, and preferably low-lying, metal orbital. A full theoretical discussion of C-H activation has been published (ref. 12b).
The activation of aliphatic C-H bonds of those compounds which may be regarded as paraffin derivatives may proceed via precoordination which involves either agostic M'H-C bond formation, or via prior coordination of another more reactive group of the derivative, see 
EXAMPLES OF C-H ACTIVATING SYSTEMS
These examples will be restricted to formally intermolecular reactions (see fig. 1 . It is interesting to note that the first examples of methane activation were by Pt2 salts (ref.16 ) and the lutetium system in which, for different reasons, relatively low-lying empty d-orbitals are present.
I The oxidative additive of transition metal compounds to carbon-hydrogen bonds giving H-M-C derivatives, which are stable to isolation Most of the products of the C-H additions are 18-electron compounds which are then available for classic M-C cleavage reactions, e.g. with halogens. In this manner, stoicheiometric conversion of C-H to C-X can be acheived (ref. 22) . There are many metal compounds which will react with C-H bonds, but for which the oxidative addition product is not isolable due to thermal or photochemical instability under the reaction conditions. When polyhdride compounds, [ML H I, (x=3 or more), are used, catalytic conversion of C-H to C-D (or C-T) can occur, theeXby demonstrating that reaction with C-H substrate has occurred. The general hydrogen-deuterium exchange mechanism is shown In fig. 8 (1)
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[ho] = Mo--C5H5Xdrnpe) The reactions indicated in TABLE 3 were carried out in solution of the C-H substrate and a catalytic amount of the compound in an excess of deuterobenzene, as the source of deuterium.
(ii) Aliphatic C-H bonds (excluding alkanes) 
see fig. 10 . h alkane = ethane propane, butane, neopentane, 2-methylpropane cyclohexan e, cyclopen tane, cyclopr opane
Re(atoms) + PMe3 fig. 9 ). This reaction must proceed via many intermediate steps, the crucial step being initial insertion of iridium into a cyclopentane C-H bond.
[IrcPh P) (solvent) H 
It is important to note that thermodynamic control is assisted by the hydrogen transfer reaction which is essentially thermoneutral. Re (ref. 19h, k) and Os (ref. 19m) with alkanes in the presence of potential ligand molecules such as benzene and trimethylphosphine have led to compounds containing ligands derived from the alkanes.
Some interesting examples are shown in fig. 10 . The mechanisms for these reactions are unknown and must be complex. Photochemically initiated steps may be envisaged since under the conditions of the co-condensation experiments the co-condensate is exposed to the radiation from the molten metal sample( e.g. ca. 3600°C for rhenium). However, it seems reasonable to assume the reactions are homogeneous, especially in the light of the catalytic processes discussed below. The conditions of the atom reactions are such that the potential ligand molecules, benzene or PMe3, are present in a large molar excess over both the metal atoms and the alkane. Nonetheless, the oxidative-addition of the C-H bonds of the alkanes competes very successfully with the potential ligand molecules. This is well illustrated by the reaction between osmium atoms, benzene and isobutane in which a triple C-H ativation of isobutane occurs giving A ( fig. 11) , and there is essentially no Osc-C6H6)( -C6H6) (ref. iii Catalytic a/kane activation Alkane-olefin hydrogen transfer reactions can be carried out selectively and in some cases catalytically using polyhydride tertiaryphosphine transition metal compounds (ref. 27) . ki example is shown In Figure 12 .
16e " 5.5eV, and are remarkably similar despite the apparent 'oxidation" of the metal centres. The values of the first I.P.s correspond to electronrich metal centres.
This trend would not be expected for a similar sequence where, for example, the tiydridoligands were replaced by chloride. It seems as though transition metal-hydrogen bonds may have sufficient flexibility to buffer against charge build-up at the metal centre. Some buffering role can also be associated with the PMe3 ligands. Unlike, for example, the M-C0 system, me can envisage positive charge delocalisation from the metal to the phosphorus by an increased contribution to the N-P bond of the canonical form photolysis of decamethyltungstenocenedihydride ( fig. 14) gives the stepwise formation of The short life-time of the polyhydride catalysts illustrated In fig. 12 may be attributed to bi-nuclear decomposition pathways. Indeed these reactions are carried out in dilute solutions In order to reduce the importance of these pathways.
The major problem for homogeneous catalysts which will add C-H bonds of alkanes is the control and restriction of their reactivity towards alternative substrates, destructive dimerisation and intra-C-H activating processes.
v The carbene CR2 analogy with C-H activating metal centres
The chemical analogy between tungstenocene and carbenes was noted first many years ago and has been amply justified by the characterisatim of tungstenocene as a triplet (ref. 21) . We have noted above the desirability, on thermodynamic grounds, for a C-H activating metal centre to have a high energy HOMO. In contrast, alkane precoordinatim via an agostic bond, which is kinetically desirable, requires a low-lying LUMO. These conditions are maximised when the HOMO and LUMO are degenerate, i.e a triplet state. Perutz has observed that many of the proposed intermediates which oxidatively-add to C-H bonds can be expected to have triplet states on grounds of their expected symmetry, e.g. [M(-C5R5)L], (M = Rh,Ir), and [Fe(dmpe)2J.
